Kurata, Yasutaka, Ichiro Hisatome, Sunao Imanishi, and Toshishige Shibamoto. Dynamical description of sinoatrial node pacemaking: improved mathematical model for primary pacemaker cell. Am J Physiol Heart Circ Physiol 283: H2074-H2101, 2002; 10.1152/ajpheart.00900.2001.-We developed an improved mathematical model for a single primary pacemaker cell of the rabbit sinoatrial node. Original features of our model include 1) incorporation of the sustained inward current (Ist) recently identified in primary pacemaker cells, 2) reformulation of voltage-and Ca 2ϩ -dependent inactivation of the L-type Ca 2ϩ channel current (I Ca,L), 3) new expressions for activation kinetics of the rapidly activating delayed rectifier K ϩ channel current (IKr), and 4) incorporation of the subsarcolemmal space as a diffusion barrier for Ca 2ϩ . We compared the simulated dynamics of our model with those of previous models, as well as with experimental data, and examined whether the models could accurately simulate the effects of modulating sarcolemmal ionic currents or intracellular Ca 2ϩ dynamics on pacemaker activity. Our model represents significant improvements over the previous models, because it can 1) simulate whole cell voltage-clamp data for ICa,L, IKr, and Ist; 2) reproduce the waveshapes of spontaneous action potentials and ionic currents during action potential clamp recordings; and 3) mimic the effects of channel blockers or Ca 2ϩ buffers on pacemaker activity more accurately than the previous models. rabbit sinoatrial node; nonlinear dynamical system; computer simulation; bifurcation diagram PACEMAKER ACTIVITY of the sinoatrial (SA) node is well known as the initiation of the spontaneous heart beat. A large body of information on ionic current systems underlying the SA node pacemaker activity has been obtained from recent single cell patch-clamp experiments. On the basis of single cell patch-clamp data, several mathematical models describing the pacemaker activity of a single rabbit SA node cell have been developed in the past decade.
PACEMAKER ACTIVITY of the sinoatrial (SA) node is well known as the initiation of the spontaneous heart beat. A large body of information on ionic current systems underlying the SA node pacemaker activity has been obtained from recent single cell patch-clamp experiments. On the basis of single cell patch-clamp data, several mathematical models describing the pacemaker activity of a single rabbit SA node cell have been developed in the past decade.
In 1991, Wilders et al. (124) first developed a single SA node cell model based on single cell patch-clamp data to reproduce the electrical behavior of a single rabbit SA node cell quantitatively. Later, Demir et al. (17) proposed a more detailed model for transitionaltype cells (rather than for primary pacemaker cells) including intracellular Ca 2ϩ buffering (by calmodulin, troponin, and calsequestrin) and new formulations for Ca 2ϩ handling by the sarcoplasmic reticulum (SR) based on microanatomic data. Dokos et al. (24) developed a different SA node model incorporating new formulations of the Na ϩ /Ca 2ϩ exchanger current (I NaCa ) and muscarinic K ϩ channel current (I K,ACh ) as a background K ϩ current. However, these previous models have several difficulties, as follows. First, the formulations of voltage-dependent inactivation and recovery of the L-type Ca 2ϩ channel current (I Ca,L ) were not based on experimental data. Second, the Ca 2ϩ -dependent inactivation of I Ca,L , known as an essential property of the L-type Ca 2ϩ channel in the rabbit SA node (10, 67), was not formulated [ ] i -dependent inactivation process, they assumed an extraordinarily large maximum I Ca,L conductance (g Ca,L ) and a very high affinity for Ca 2ϩ binding to the inactivation site of L-type Ca 2ϩ channels; such a large g Ca,L with a high affinity for Ca 2ϩ binding is rather unlikely and has not been demonstrated. Third, these models do not include the slow component of the delayed rectifier K ϩ current (I Ks ), 4-aminopyridine (4-AP)-sensitive currents, or sustained inward current (I st ), whereas these currents are known to be present in primary pacemaker cells. Fourth, intracellular Ca 2ϩ transients in their models (2.5ϳ10 M at the peak) were much higher than those in atrial or ventricular myocytes (ϳ1 M) (e.g., Refs. 106 and 110; see also Refs. 68 and 71), probably too high for SA node cells. Finally, SR volumes or Ca 2ϩ concentrations in the SR are comparable to or higher than those experimentally determined for ventricular myocytes (see Refs. 17, 63, and 107), probably too large for SA node cells. Recently, Zhang et al. (130) developed separate models for central and peripheral SA node cells based on recent experiments in which the regional differ-ences in action potential (AP) parameters, ionic current densities, and pharmacological responses (i.e., electrophysiological effects of various current blockers) between central and peripheral SA node cells have been studied. Their central and peripheral models provide a theoretical basis for regional differences in AP parameters and are superior to the previous models in that they incorporate novel current systems such as I Ks and 4-AP-sensitive currents. However, their models have at least two apparent difficulties. First, intracellular ion concentrations were assumed to be constant in their models (the net ion flux of Na ϩ , K ϩ , or Ca 2ϩ during an AP cycle is not zero), whereas intracellular Ca 2ϩ dynamics and changes in intracellular Na ϩ ([Na ϩ ] i ) and K ϩ concentrations ([K ϩ ] i ) are known to exert substantial effects on pacemaker activity (e.g., see Refs. 67, 98, and 122) . Second, their models lack some sarcolemmal currents, such as I st and I K,ACh , known to play important roles in regulating the pacemaker activity of rabbit SA node cells. Thus the previous SA node models all have several drawbacks or serious disadvantages; a satisfactory single cell model is not available.
The aim of this study was to develop an improved mathematical model of a single "primary pacemaker cell" of the rabbit SA node that is more suitable than the previous models for investigating the dynamical mechanisms of pacemaker generation. In addition to the drawbacks stated above, the previous single cell models exhibited different bifurcation structures, i.e., different ways of abolishing automaticity (see Ref. 30 ) from those of real SA node cells during inhibition of I Ca,L or the rapid component of the delayed rectifier K ϩ current (I Kr ) not suitable for a study on the mechanisms of pacemaker generation (for details, see RESULTS AND DISCUSSION). Thus an improved model cell should have the same bifurcation structures as real SA node cells have as well as the capability of reproducing experimental data more accurately than the previous models. Such a model would also serve as a base model for developing more sophisticated models. On the basis of recent experimental findings, we were able to update the previous models in several ways: 1) I st , not included in the previous models, has been incorporated; 2) voltage-and Ca 2ϩ -dependent inactivation kinetics of I Ca,L have been reformulated; 3) expressions for activation kinetics of I Kr have renewed; 4) revised kinetic formulas for 4-AP-sensitive currents have been incorporated; 5) voltage-and concentration-dependent kinetics of the Na ϩ -K ϩ pump current (I NaK ) have been reformulated; and 6) the subsarcolemmal space as a diffusion barrier for intracellular Ca 2ϩ has been incorporated. To validate our model, we first compared the simulated dynamics of the model (spontaneous APs and ionic currents during pacemaker activity) with experimental data from the rabbit SA node as well as with those of the previous SA node models. We further validated our model by simulating the effects of modulations of sarcolemmal ionic currents or intracellular Ca 2ϩ dynamics on pacemaker activity. The experimental findings for verification include 1) whole cell voltage-clamp data for I Ca,L , I Kr , and I st ; 2) waveshapes of spontaneous APs and ionic currents (such as I Ca,L and I Kr ) as observed during AP-clamp recordings; 3) modulations and cessation of pacemaker activity by applications of I Ca,L or I Kr blockers; 4) modifications of AP waveforms (changes in AP parameters) by blocking the T-type Ca 2ϩ channel current (I Ca,T ), hyperpolarizationactivated current (I h ), or 4-AP-sensitive currents; 5) effects of blocking SR Ca 2ϩ release (by ryanodine) on pacemaker frequency; and 6) negative chronotropic effects of Ca 2ϩ buffers. Our model could reproduce these experimental data more accurately than the previous SA node models. In this study, we particularly focused on the bifurcation structures during applications of I Ca,L or I Kr blockers and also the differential effects of BAPTA and EGTA on pacemaker frequency. During inhibition of I Ca,L or I Kr , our model exhibited essentially the same bifurcation structures as observed in real SA node cells, whereas previous models did not; only our model could simulate the differential responses of SA node cells to BAPTA and EGTA. Detailed comparisons of our model with the previous models as well as experimental data are addressed in THEORY AND METHODS (on modeling) and RESULTS AND DISCUSSION (on simulated results).
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Model Development
We formulated a mathematical model describing the dynamic properties of a single primary pacemaker cell of the rabbit SA node under space-clamp conditions (at 37°C). Our model is an extension of previous SA node models (17, 24, 124, 130 ) that utilized classical Hodgkin-Huxley formalism, including variations in intracellular ion concentrations, Ca 2ϩ handling by the SR, and Ca 2ϩ buffering. The standard model for normal pacemaker activity is described as a nonlinear dynamical system of 27 simultaneous, first-order, ordinary differential equations. A complete list of the equations and standard parameter values is presented in the APPENDIX.
Geometrical considerations. We assumed our model cell to be a 70-m-long by 8-m-diameter cylinder (i.e., a "spindleshaped" cell with a length of 70 m and a mean width of 8 m) and set the cell volume and membrane capacitance to 3.5 pl and 32 pF, respectively. The cell volume of 3.5 pl was nearly identical to that used by Demir et al. (17) (130) . Microanatomic data such as SR volumes used in this study are from Demir et al. (17) . The effective intracellular volume of a SA node cell wherein free Ca 2ϩ is available to enter into reaction was set to 46% of the cell volume (1.6 pl), because there are various intracellular structures and organelles, as summarized by Demir et al. (17) .
There is now evidence that there exists a small restricted subsarcolemmal domain where Ca 2ϩ concentrations may transiently reach higher levels than in the bulk myoplasm (29, 47, 62, 86, 88, 122) . Therefore, we assumed the subsarcolemmal space as a barrier for Ca 2ϩ diffusion to the myoplasm. The subspace volume Vsub was tentatively set to 1% of the cell volume (0.035 pl), assuming that the subspace is limited to 20 nm below the sarcolemmal membrane (see Fig.  1A ). Descriptions of membrane currents. The mathematical expressions used for the membrane current system are essentially the same as those formulated previously (17, 24, 124, 130) with modifications according to newly reported experimental data. The complete model for the normal pacemaking includes 13 membrane current components. The differential equation for the membrane potential (V) is
where I Ca,L and ICa,T represent the L-type and T-type Ca 2ϩ channel currents, respectively. The rapid and slow components of the delayed rectifier K ϩ current are denoted as IKr and IKs, respectively. The membrane current system also includes the transient (Ito) and sustained (Isus) components of 4-AP-sensitive currents, hyperpolarization-activated current (Ih), sustained inward current (Ist), Na ϩ channel current (INa), background Na ϩ current (Ib,Na), muscarinic K ϩ channel current (IK,ACh), Na ϩ -K ϩ pump current (INaK), and Na ϩ / Ca 2ϩ exchanger current (INaCa) charging the membrane capacitance (Cm). For parameter adjustments, the regional differences of current densities in the SA node were taken into account (44, 130) .
Model equations for channel gating behaviors are essentially the same as those of the previous Hodgkin-Huxley type models. A gating variable, x, can be computed as a solution of the first-order differential equation of the form
where xϱ and x are the steady-state x value and relaxation time constant, respectively, as functions of V. Relaxation time constants have been appropriately scaled for the temperature of 37°C with the use of a Q 10 of 1.6ϳ3.0. The functions xϱ(V) and x(V) for individual gating variables are provided in the APPENDIX (Fig. 16 ). L-type Ca 2ϩ channel current. The kinetics of ICa,L are described with activation (dL), voltage-dependent inactivation (fL), and Ca 2ϩ -dependent inactivation (fCa) gating variables. The inactivation of ICa,L consists of two exponential terms: rapid and slow components. The rapid component is mediated by the intracellular Ca 2ϩ -dependent inactivation with a time constant ranging from 10 to 30 ms for rabbit SA node cells, whereas the slower component reflects the voltage-dependent inactivation with a time constant of 30ϳ70 ms (5, 34, 72, 81, 102) . To describe the inactivation process, we adopted a simple model in which the Ca 2ϩ -dependent inactivation process is independent of the voltage-dependent one (see Refs. 35 and 105) ; the inactivation process was described by the two Hodgkin-Huxley type gating variables f L and fCa.
The voltage dependences of ICa,L activation and inactivation (steady-state probabilities and time constants for dL and fL) are shown in Fig. 2 , top. For the steady-state activation and inactivation curves (dL,ϱ and fL,ϱ), we used the formulas of Demir et al. (17) based on the data from Fermini and Nathan (27) . Expressions of the activation time constant d L were adopted from Demir et al. (17) , who modified the formulation of Nilius (84) . To formulate the time constant of the voltage-dependent inactivation/recovery ( f L ), the previous models employed different equations with different voltage dependences; however, these equations did not fit the recovery time course of I Ca,L experimentally observed in single rabbit cardiac myocytes (see Fig. 2 ). Therefore, we originally formulated the inactivation time constant f L from the data of Nakayama et al. (81), Hagiwara et al. (37) , and Kawano and Hiraoka (54) . According to Demir et al. (17) , a Q 10 factor of 2.3 was applied to scale the gating time constant data for a temperature of 37°C. The inactivation/recovery time constant data were fitted to a function similar to that used by Lindblad et al. (68) for a rabbit atrial model and by Nygren et al. (88) for a human atrial model, using a least-square minimization procedure. Formulas for the Ca 2ϩ -dependent inactivation fCa are similar to those used by DiFrancesco and Noble (22 The model-generated I Ca,L during voltage-clamp pulses and the peak ICa,L-V relationship are depicted in Fig. 2 , bottom. Our model can simulate the Ca 2ϩ -dependent inactivation of ICa,L experimentally observed in rabbit SA node cells (10, 67) ; inactivation time courses of the simulated currents are very similar to the experimental data reported by Hagiwara et al. (37) tion gating variable fT. The conductance property of ICa,T was formulated using a linear voltage relation, with the reversal potential ECa,T fixed at ϩ45 mV and the maximum conductance gCa,T set to 0.458 nS/pF, according to Demir et al. (17) .
Delayed rectifier K ϩ currents. Recent studies in rabbit, guinea pig, and human cardiac myocytes have identified two types of delayed rectifier K ϩ currents: 1) the rapidly activating component IKr, exhibiting strong inward rectification, and 2) the slowly activating component IKs, exhibiting only weak rectification (2, 34, 64, 66, 100, 101, 123) . Whereas IK in the rabbit SA node appears to predominantly reflect only IKr-type behavior (2, 108), the IKs-type component has also been identified in isolated rabbit SA node cells (34, 48, 64) . For the standard pacemaker model, therefore, we assumed both I Kr-and IKs-type components of IK.
The voltage dependences of I Kr activation and inactivation (steady-state probabilities and time constants for the activation gating variable p a and inactivation gating variable pi) are shown in Fig. 3 , top, along with those for the previous models. To describe the gating kinetics of I Kr, the previous models (17, 24, 124) used the equations provided by Shibasaki (108) . However, Ono and Ito (90) recently reported the complete quantitative data on the activation kinetics of I Kr in single rabbit SA node cells and mathematically described the activation kinetics with two gating variables, p aF and paS. According to their report, therefore, we described the general activation variable p a as a weighted sum of the fast (paF) and slow (p aS) activation variables and used their original expressions for I Kr activation kinetics (pa,ϱ, p aF , and p aS ). A modified version of the formulation of Ono and Ito (90) for IKr activation was also utilized by Zhang et al. (130) . We also employed the expression of Ono and Ito (90) for steady-state inactivation (p i,ϱ). No detailed experimental data are available on the time constant of the voltage-dependent I Kr inactivation ( p i ); thus we adopted the expression of Shibasaki (108) for p i .
The conductance of I Kr was chosen as to allow a maximum diastolic potential (MDP) between Ϫ60 and Ϫ55 mV (approximately equal to Ϫ58 mV) to be achieved. The standard g Kr value of our model is smaller than that determined by Ono and Ito (90) ; this difference in g Kr may reflect the regional difference in IKr density between the center and periphery of the SA node (see Ref. 56) . We also included a term to describe the "square root" activation of I Kr single channel conductance (90) are shown in Fig. 3 , bottom.
The kinetics of IKs were described by the formulation of Zhang et al. (130) . The steady-state activation curve for IKs used in this study is from Lei and Brown (64) . There are limited experimental data available for the time constant of the voltage-dependent activation of I Ks in rabbit SA node cells. Thus the time constant of I Ks activation was described using the expressions of Zhang et al. (130), i.e., the equations of Heath and Terrar (40) based on their data from guinea pig ventricular myocytes.
4-AP-sensitive K ϩ currents. Recent studies for rabbit SA node cells have identified the transient and sustained outward currents sensitive to 4-AP (46, 65, 119) . The models of Zhang et al. (130) incorporated these currents, whereas most previous SA node models did not. Therefore, we incorporated the transient (I to) and sustained (Isus) components of 4-APsensitive currents into our model. According to Zhang et al. (130), we treated the two 4-AP-sensitive components as separated currents and used the same activation variable r for both I to and Isus.
The steady-state activation and inactivation curves (r ϱ and qϱ) were based on the experimental data from Honjo et al. (46) and Lei et al. (65) . The time constant of the voltagedependent activation ( r) was formulated from the data of Giles and van Ginneken (28) for rabbit crista terminalis cells; the inactivation time constant ( q) was from Giles and van Ginneken (28) and Honjo et al. (46) . To correct the data collected at 20.5ϳ25°C for 37°C, Zhang et al. (130) used a Q 10 of 2.18. However, the use of Q10 ϭ 2.18 yielded a pronounced phase 1 notch in APs. Thus we slightly accelerated the gating kinetics by using a Q 10 of 3.0. The corrected time constants were comparable to those reported by Honjo et al. (46) and Uese et al. (117) .
The values of the scaling parameters (conductances) for I to and Isus were determined by exploring the change in peak overshoot potential (POP) and variation of [K ϩ ]i . The exper- 7). Hyperpolarization-activated current. It is difficult to quantify Ih and its participation in the diastolic depolarization, in part due to the large variation in its threshold of activation ranging from Ϫ30 to Ϫ70 mV, as well as the variation in current density (18, 21, 73, 81, 118) . In previous models, the kinetic data from van Ginneken and Giles (118) were used to formulate the gating kinetics of Ih; however, the contributions of Ih to pacemaker depolarization in the model cells are quite different (refer to Table 3 ). For our standard model, we adopted the formulation of Wilders et al. (124) to reproduce the relatively large effects of blocking Ih on CL as observed in experiments. The data of van Ginneken and Giles (118) were collected at 30ϳ33°C; following Demir et al. (17) , activation time constants were corrected for 37°C by the use of a Q10 ϭ 2.3. According to van Ginneken and Giles (118), the maximum conductance and reversal potential of Ih were assumed to be 0.375 nS/pF and Ϫ24 mV, respectively. These values were achieved by setting gh,K ϭ 7.4 nS and gh,Na ϭ 4.6 nS for a model cell, as used in Wilders et al. (124) .
Sustained inward current. Guo et al. (32) reported a novel pacemaker current activated within the range of pacemaker depolarization in the rabbit SA node (see also Ref. 33) . This current, named the sustained inward current (Ist), is carried by Na ϩ under physiological conditions, blocked by both organic and inorganic Ca 2ϩ channel blockers as well as by external Ca 2ϩ and Mg 2ϩ , and enhanced by isoprenaline or a Ca 2ϩ agonist, BAY K 8644. These biophysical and pharmacological characteristics are compatible with those of the monovalent cation conductance of the L-type Ca 2ϩ channel; thus Guo et al. (32) concluded that Ist is generated by a novel subtype of the L-type Ca 2ϩ channel. Ist has also been recorded in SA node cells of other animal species, such as guinea pigs and rats (31, 77, 78, 109) . Because Ist was observed only in spontaneously beating SA node cells but was absent in quiescent cells, I st may play an essential role in the generation of intrinsic cardiac automaticity (32, 78) . Therefore, we incorporated I st in our standard SA node model for a primary pacemaker cell, whereas previous SA node models did not include Ist.
The voltage dependences of Ist activation and inactivation (steady-state probabilities and time constants for the activation gating variable qa and inactivation gating variable qi) are shown in Fig. 4 , top. Because there is no detailed report on the gating kinetics (time constant) of Ist in the rabbit SA node, we modified the formulation of Shinagawa et al. (109) for the rat SA node Ist. From the data of Guo et al. (32) , the half-activation voltage and slope factor for the activation curve were set to Ϫ57.0 and 5.0 mV, respectively. The inactivation and recovery of the rabbit Ist, as reported in Guo et al. (32) , appear to be slower than those of the rat Ist reported by Shinagawa et al. (109) . Thus the time constants of inactivation and recovery of the rabbit Ist were assumed to be 6.65 times larger than those of the rat Ist. The maximum conductance and reversal potential of Ist were set to 15.0 pS/pF and ϩ37.4 mV, respectively, according to Guo et al. (32) . As shown in Fig. 4 , bottom, our equations for Ist could reproduce the kinetic properties of Ist reported by Guo et al. (32) . Na ϩ channel current. Although most of the previous SA node models incorporated the fast Na (32) . Bottom: computed voltage-clamp records for Ist (left) and the peak Ist-V relation (right). Currents were evoked by 500-ms depolarizing test pulses ranging from Ϫ70 to ϩ50 mV (in 10-mV increments). The holding potential was Ϫ80 mV. See the Glossary for definitions of the abbreviations.
variables, hF and hS, with the fraction of slow inactivation (F Na) being expressed as a function of V (see Ref. 130) . The formulation for the inactivation time constant is based on data from Muramatsu et al. (80) . According to Lindblad et al. (68) , a Q 10 of 1.7 was used to correct the experimental data for 37°C. Incorporating I Na with a conductance of 1.8 pS/pF, the mean experimental value for transitional or peripheral cells (44) , decreased CL only by 5.6% (from 307.4 to 290.2 ms), indicating that the contribution of I Na to pacemaking is relatively small in our model cell as well.
I Na appears to be completely absent or almost negligible in primary pacemaker cells located in the central region of the SA node (57, 59, 82, 118, 130) . Baruscotti et al. (3, 4) reported that both the density and frequency of occurrence of I Na in the SA node decrease with development, with I Na in adult rabbit SA node cells being very small or negligible. Thus I Na would not play an important role in normal pacemaking of primary pacemaker cells. The central model of Zhang et al. (130) for the leading pacemaker cell did not include I Na. In our simulations for primary pacemaker (central SA node) cells, therefore, I Na was assumed to be zero (negligible or completely inactivated). Na ϩ -dependent background current and muscarinic K ϩ channel current. Our model includes two background current components: 1) Na ϩ -dependent background current (Ib,Na), reported by Hagiwara et al. (38) , in which Ib,Na was measured as 0.73 Ϯ 0.21 pA/pF at Ϫ50 mV; and 2) muscarinic K Following their experimental data, we modeled Ib,Na with an ohmic I-V relationship and defined IK,ACh as a background K ϩ current component exhibiting inward rectification. The Ib,Na conductance gb,Na was set to 5.4 pS/pF, yielding a current density of 0.65 pA/pF at Ϫ50 mV. The gb,Na value of 5.4 pS/pF is comparable to that in the previous SA node models (2.9ϳ7.5 pS/pF). To model the inward rectifying behavior for IK,ACh, we chose the formula of Dokos et al. (24) adopted from Egan and Noble (26) . The standard value of IK,ACh amplitude used in this study was 0.23 pA/pF at Ϫ50 mV, smaller than the value of 0.46 pA/pF in Dokos et al. (24) .
The background Ca 2ϩ current (Ib,Ca) has been frequently incorporated in mathematical models of the SA node to balance the Ca 2ϩ extrusion via Na ϩ /Ca 2ϩ exchange during diastole: the models of Wilders et al. (124) SR functions. The SR was modeled as consisting of two compartments: the Ca 2ϩ uptake store (network SR) and release store (junctional SR), as shown in Fig. 1B . Owing to the lack of available data for updating the kinetic formulation of Ca 2ϩ uptake and release by the SR in SA node cells, we utilized simple formulas similar to those of DiFrancesco and Noble (22) , which have been incorporated in previous SA node models (24, 85, 124) . The model of Demir et al. (17) utilized more complex SR kinetics based largely on the modeling study by Hilgemann and Noble (42) , including the internal SR Ca 2ϩ buffering by calsequestrin. Their formulation is, however, overly complex, given the complete lack of associated data in SA node cells; in their model, Ca 2ϩ concentrations in the SR are unreasonably high compared with those in other models, much higher than experimental values for ventricular myocytes (see Refs. 63 and 107). We therefore opted for simpler kinetics, which are able to reproduce the essential features of both the uptake and release processes. According to Demir et al. (17) , the fractional volumes of Ca 2ϩ uptake and release stores in our model cell were taken to be 1.16 and 0.12%, respectively, of the cell volume, corresponding to one-third of the values given for ventricular myocytes.
Because no experimental data are available to estimate the kinetic parameters for SR Ca 2ϩ uptake and release in SA node cells, the parameter values were determined from previous modeling studies. The formula for the Ca 2ϩ release mechanism was adopted from Dokos et al. (24) (71) . The values of tr used in previous SA node models ranged from 6.64 to 400 ms. In our modeling, the tr value was set to a medium value of 60 ms, although some 
Numerical Integration (Dynamic Simulation)
Dynamic behavior of the model cell was determined by solving the simultaneous nonlinear ordinary differential equations numerically. We employed a fourth-order adaptive-step Runge-Kutta algorithm, which includes an automatic step-size adjustment based on an error estimate, or a variable time-step numerical differentiation approach selected for its suitability to stiff systems. The maximum relative error tolerance for our integration methods was set to 1 ϫ 10 Ϫ6 . The APA as a voltage difference between the local potential minimum and maximum, as well as the CL, were determined for each calculation of a cycle. Numerical integration was continued until the differences in both APA and CL between the newly calculated cycle and the preceding one became Ͻ1 ϫ 10 Ϫ3 of the preceding APA and CL values. When periodic behavior was irregular or unstable, model dynamics were computed for 30ϳ60 s; all potential extrema and CL values were then plotted in the diagram. The value of current conductance is expressed as a ratio to the control value unless otherwise stated.
Numerical computations were performed on Power Macintosh G4 computers (Apple Computers; Cupertino, CA) using Matlab 5.2 (MathWorks; Natick, MA).
RESULTS AND DISCUSSION
Dynamic Properties of Simulated Pacemaker Activity
Spontaneous APs and sarcolemmal ionic currents. Figure 5 , left, shows spontaneous APs and temporal behavior of sarcolemmal ionic currents simulated by the present model with the standard parameter values listed in the APPENDIX. The MDP, POP, and APA are Ϫ58.6, ϩ16.6, and 75.2 mV, respectively; the CL and AP duration at 50% repolarization (APD 50 ) are 307.5 and 107.0 ms, respectively. The simulated AP parameters of our model cell are listed in Table 1 , along with those of previous SA node models as well as corresponding experimental data for comparison (see also Fig. 6 ). The AP parameters of our model appear to be in reasonable agreement with the mean experimental values recently determined for central SA node (primary pacemaker) cells and spindle-or spider-shaped cells. The previous models developed by Wilders et al. (124) , Demir et al. (17) , and Dokos et al. (24) are all likely to reflect the activity of a typical transitional cell. Compared with these previous models for transitional cells, our model for primary pacemaker cells exhibited 1) more positive MDP, 2) relatively small APA, and 3) long APD 50 . These AP characteristics of our model are comparable to those of primary pacemaker cells in the central region of the rabbit SA node (8, 44, 55, 57) , reflecting the regional difference in AP parameters.
As shown in Fig. 6 , our model-generated I Ca,L waveform during spontaneous APs was very similar to that recorded by Zaza et al. (129) and Doerr et al. (23) during the "AP clamp" of a single rabbit SA node cell. The model-generated I Kr waveform was also very similar to that measured as an E-4031-sensitive current during AP clamp (90, 129) . Furthermore, the time course of the simulated I Ca,T was similar to that of I Ca,T measured as a Ni 2ϩ -sensitive current by Doerr et al. (23) ; the I h during pacemaker depolarization was similar to the Cs ϩ -sensitive current recorded by Zaza et al. (129) and also to the I h computed by Maruoka et al. (73) . Thus the simulated changes in I Ca,L , I Kr , I Ca,T , and I h during pacemaking are comparable to the experimentally observed changes in these currents during spontaneous APs in rabbit SA node cells.
Simulated ionic currents, as well as an AP waveform, in our model were compared with those in the previous models (Figs. 6 and 7) . The time courses of I Ca,L and I Kr during pacemaker activity in the models were different. In the models of Wilders et al. (124), Demir et al. (17) , and Dokos et al. (24) , the fast inhibition of I Ca,L was followed by a secondary increase (inward "hump"); in contrast, the inward hump was absent in our simulated I Ca,L . Consistent with our model simulation, the secondary increase in I Ca,L was not observed in the AP-clamp experiments (23, 129) . The rapid inactivation of I Kr on AP upstroke (during phase 0) observed in the AP-clamp experiments (90, 129) was reproduced only by our model and the model of Zhang et al. (130) . Thus our model is apparently superior to previous models in generating the I Ca,L and I Kr waveforms experimentally observed in single rabbit SA node cells. The amplitudes of I b,Na and I K,ACh (as I b,K ) during pacemaker activity of our model are comparable to those of previous models (see Fig. 7 ). On the other hand, the time courses of I NaCa in the model cells were quite different, reflecting the different intracellular Ca 2ϩ dynamics. In our model, I NaCa during phase 4 was relatively large, suggesting the large contribution of I NaCa to pacemaker depolarization.
Intracellular Ca 2ϩ dynamics. Intracellular Ca 2ϩ dynamics (concentration changes, SR Ca 2ϩ uptake and release, and Ca 2ϩ buffering) during normal pacemaking are shown in Fig. 5 (47, 53) .
As shown in Fig. 8 , the simulated intracellular Ca 2ϩ dynamics in our model cell were quite different from those in previous models, because we assumed a subsarcolemmal space and relatively small SR volumes. The myoplasmic Ca 2ϩ transient in our model, the peak value of which is 0.68 M, was much smaller than that in previous SA node models but is comparable to that experimentally or theoretically determined for atrial or Figure 9 shows the simulated effects of block of I st on pacemaker activity of our model cell. When the maximum I st conductance (g st ) was reduced from the control value to zero, pacemaking slowed, with CL increasing from 307.5 to 473.2 ms, but did not cease. The effects of eliminating I st on MDP and POP were relatively small, with MDP hyperpolarized from Ϫ58.6 to Ϫ63.6 mV. These alterations in the AP waveform by the removal of I st could partly be compensated for by reducing the maximum I Kr conductance (g Kr ): the I st -removed model cell with g Kr reduced to 75% of the control value produced spontaneous APs with MDP ϭ Ϫ58.9 mV and CL ϭ 379.8 ms (see Fig. 9 , bottom right). Thus I st is not essential for generating pacemaker activity.
Effects of Modulating Sarcolemmal Ionic Currents on Pacemaker Activity
We simulated the effects of inhibition of sarcolemmal ionic currents on pacemaker activity and then compared the simulated behaviors of our model cell with experimental findings as well as with those of previous models. We used two different systems, the I st -incorporated (standard) system and the I st -removed (g Kr ϭ 0.75) system, because I st is not always present in spontaneously beating SA node cells (see Ref. 120) .
Simulated blockade of I Ca,L . We first examined the effects of blocking I Ca,L on pacemaker activity of the model cell by decreasing the maximum I Ca,L conduc- tance (g Ca,L ). Figure 10A shows the dynamic behaviors of the I st -incorporated [I st (ϩ)] and I st -removed [I st (Ϫ)] systems during g Ca,L decrease, depicting MDP/POP and CL as functions of g Ca,L (i.e., bifurcation diagrams for the bifurcation parameter g Ca,L ). As g Ca,L diminished, APA was reduced and CL increased; POP gradually decreased with reducing g Ca,L , whereas MDP was relatively stable. Blocking I Ca,L by 76.6% (reducing g Ca,L to 23.4% of the control) abolished spontaneous activity of the standard system, with V settling at Ϫ29.5 mV; the complete block of I Ca,L yielded a resting potential of Ϫ32.6 mV. In the I st -removed system, pacemaker activity abruptly ceased at g Ca,L ϭ 0.298 (V ϭ Ϫ37.6 mV) via irregular (chaotic) dynamics between g Ca,L ϭ 0.439 and 0.304; the complete block of I Ca,L yielded a resting potential of Ϫ42.0 mV. Note that the bifurcation structure as a way to quiescence during inhibition of I Ca,L depends on whether the model cell includes I st or not: APA of our standard model gradually and continuously decreased during the g Ca,L decline, whereas the irregular (chaotic) dynamics occurred when I st was removed or concomitantly blocked.
Dynamic behaviors of real SA node cells, as well as the model cell, during inhibition of I Ca,L are shown in Fig. 10B . In experiments using Ca 2ϩ antagonists (Ltype Ca 2ϩ channel blockers), such as nifedipine and verapamil, two ways of abolishing pacemaker activity have been observed: one is characterized by a gradual and continuous decline in APA (with a marked decrease in POP) to quiescence as well as an increase in CL (57, 58) and the other is characterized by irregular (chaotic) dynamics, called "skipped-beat runs," as observed in the rabbit SA node (122) or cat subsidary pacemaker cells (97) . Our model could simulate both of the two distinct bifurcation structures experimentally observed during applications of Ca 2ϩ antagonists. In the experiment for small balls of rabbit SA node tissues, nifedipine (2 M) abolished spontaneous APs in the center of the SA node (i.e., the leading pacemaker site); the resting potential at which SA node cells settled after block of I Ca,L was Ϫ40 Ϯ 5 mV (57). The resting potential in this experiment was ϳ10 mV more negative than the prediction of our standard model (approximately Ϫ29.5 to Ϫ32.6 mV), whereas it was close to the value in the I st -removed system (approximately Ϫ37.6 to Ϫ42.0 mV). This inconsistency may be due in part to a concomitant block of I st by the Ca 2ϩ channel blocker, which is known to inhibit I st (see Refs. 32 and 78), as well as to the absence of I st in some preparations; the complete block of both I Ca,L and I st in the standard model yielded a resting potential of Ϫ43.7 mV.
The effects of blocking I Ca,L (decreasing g Ca,L ) on spontaneous APs of previous SA node models are shown in Fig. 11 for comparison. In all of the models, blocking I Ca,L caused cessation of pacemaker activity; resting potentials of the quiescent model cells at critical g Ca,L values and with complete block of I Ca,L are compared in Table 2 . The simulated behaviors of previous models during g Ca,L decrease are inconsistent with experimental observations (30, 57, 58, 122) (130) were 5ϳ15 mV more positive than those experimentally determined by Kodama et al. (57) and predicted by our I st -removed system. Thus our model is superior to previous models in predicting changes in AP parameters, bifurcation structures, and resting potentials during applications of Ca 2ϩ antagonists.
Simulated blockade of I Kr . Figure 12 illustrates the simulated effects of blocking I Kr [decreasing the maximum I Kr conductance (g Kr )] on pacemaker activity of the standard and I st -removed model systems along with experimental data showing the behaviors of central SA node cells during applications of a selective I Kr blocker, E-4031 (56) . In the simulations, reducing g Kr markedly depolarized MDP, whereas POP was little changed until g Kr diminished to ϳ0.5; MDP depolarization during the g Kr decline was more prominent than that during the g Ca,L decline (compare Figs. 10  and 12 ). With reducing g Kr , CL in the standard system first increased and then decreased, being fairly stable; in contrast, CL in the I st -removed system monotonously decreased. Whether I st is incorporated or not, the bifurcation structure of the model system during g Kr reduction was essentially the same: APA gradually and continuously declined to zero. Pacemaker activities of the standard and I st -removed systems ceased when g Kr decreased by 64.0 and 64.9%, respectively, with V settling at Ϫ13.8 and Ϫ13.5 mV, respectively. The complete block of I Kr yielded a resting potential of Ϫ7.6 mV in the standard system and Ϫ8.3 mV in the I st -removed system.
Selective I Kr blockers such as E-4031 have been experimentally found to cause a gradual and continuous decline in APA with marked depolarization in MDP and then quiescence (see Fig. 12, right) . These dynamic changes during applications of I Kr blockers are in good agreement with the predictions of our model cell. Our model predicted only a slight increase or even decrease in CL during the g Kr decline. In most experiments, however, CL was increased by applications of I Kr blockers (e.g., see Refs. 56, 64, and 119), although 0.1 M E-4031 did not significantly change CL in Ono and Ito (90) . This inconsistency may result from the state-dependent kinetics of I Kr block. Alternatively, I Kr blockers may also modulate other ionic currents directly or secondary via changing intracellular ion concentrations. In recent experiments, block of I Kr by 1 M E-4031 caused a cessation of spontaneous activity; after block of I Kr , the V of rabbit SA node cells or tissues settled at Ϫ32 Ϯ 2 mV (56), Ϫ37.4 Ϯ 2.9 mV These experimental data are in reasonable agreement with the predictions of our model. The relatively deep resting potentials in some experiments may be due to 1) the regional difference between the central (primary pacemaker) cell and the transitional or peripheral (latent pacemaker) cell (e.g., in the density of background currents); 2) the difference in recording methods or (90) 1 M E-4031 Ϫ37.4 Verheijeck et al. (119) 1 M E-4031 Ϫ24.5 Verheijeck et al. (119) 10 M E-4031 Ϫ19.6 Kodama et al. (56) 1 M E-4031 Ϫ32
See the Glossary for definitions of the abbreviations. * Critical conductance of a current at which pacemaker activity ceases during inhibition of the current. † Resting potential at critical conductance. Resting potentials with the complete block of a current are also given in parentheses.
other
] i were fixed at constant values of 10 and 140 mM, respectively, as in the perforated-patch recording for single SA node cells, the resting potential of our standard system was Ϫ18.5 mV at g Kr ϭ 0.11 and Ϫ17.5 mV with the complete block of I Kr ); 3) a Ca 2ϩ -dependent increase of background Cl Ϫ or K ϩ conductance in the region of I Ca,L window current (e.g., see Ref. 92); or 4) direct modifications of ionic currents other than I Kr by I Kr blockers.
The effects of block of I Kr (decreasing g Kr ) on spontaneous APs of previous SA node models are shown in Fig. 13 for comparison. During the decrease in g Kr , pacemaker activity of previous models abruptly ceased or attenuated with MDP only slightly depolarized; in the model of Dokos et al. (24) , irregular dynamics appeared before the cessation of pacemaker activity. In experiments using I Kr blockers such as E-4031, however, application of an I Kr blocker always induced the gradual and continuous decline in APA to quiescence with a marked depolarization in MDP and no irregular dynamics, as simulated by our model (see Fig. 12 ). Abrupt cessation of pacemaker activity or irregular dynamics as predicted by previous models has never been observed during applications of I Kr blockers. Thus the bifurcation structures during I Kr inhibition of real SA node cells are different from those of previous models, whereas they are essentially the same as those of our model. Block of I Kr caused a cessation of pacemaker activity in all of the models; the resting potentials at critical g Kr values and with the complete block of I Kr for SA node models are compared in Table 2 , along with the experimental data. Resting potentials in the models of Wilders et al. (124) , Demir et al. (17) , and Dokos et al. (24) were more positive than those predicted by our model as well as those observed in the experiments. Taken together, our model appears to be superior to previous models in predicting the behavior of real SA node cells during applications of I Kr blockers.
Block of I Ca,T . The effects of block of I Ca,T on pacemaker frequency have been largely different in previous experimental reports: Doerr et al. (23) found that the block of I Ca,T by 40 M Ni 2ϩ exerted a pronounced negative chronotropic effect on pacemaker activity by nearly doubling the basal CL (see also Refs. 84 and 103). In contrast, Wilders et al. (124) reported that the Ni 2ϩ -induced block of I Ca,T had a negligible influence on pacemaker frequency. Because of this inconsistency in experimental results, the simulated effects of eliminating I Ca,T on CL of the previous models were also quite different: the increase in CL was relatively small in the models of Wilders et al. (124) and Dokos et al. (24) , whereas it was relatively large in the others (see Table 3 ). Incorporating the I Ca,T expressions of Demir et al. (17) based on the AP-clamp experiment of Doerr et al. (23) , our model predicted a 17.0ϳ22.4% increase in CL by the complete block of I Ca,T (Fig. 14, top) ; this relatively large effect is comparable to the experimental data from Hagiwara et al. (37) and Satoh (103) . Owing to the large variation in experimental results, however, it is difficult to validate a model from the contribution of I Ca,T to diastolic depolarization.
The discrepancy in the apparent contribution of I Ca,T to pacemaker activity may in part result from the heterogeneity of SA node cells (regional difference) in the density of I st as well as of I Na or I Ca,T itself. In most experiments, Ni 2ϩ was used as the selective I Ca,T blocker. However, Ni 2ϩ has been found to block I st as well: Ni 2ϩ at 40 M, which blocks I Ca,T completely, also decreases the amplitude of I st to 46ϳ64% of the control; 
Ni
2ϩ at 1 mM completely abolishes I st (32, 78) . As shown in Fig. 9 , the pacemaker activity of our model cell was dramatically slowed by reducing the I st conductance: the complete block of I st increased CL by 53.0% (from 307.5 to 470.5 ms). When a SA node cell possesses I st sensitive to Ni Block of I h . We also simulated the effect of Cs ϩ -induced I h block on pacemaker activity by setting I h ϭ 0. As listed in Table 3 , the contributions of I h to pacemaker depolarization of previous models were different: the increase in CL on the removal of I h was relatively large in the models of Wilders et al. (124) and Dokos et al. (24) , whereas it was relatively small in the others. Incorporating the I h expressions of Wilders et al. (124) , our model predicted a 8.4ϳ25.3% increase in CL by the complete block of I h (Fig. 14, middle) . The effect of block of I h on CL was much greater in the I st -removed system than in the standard system.
The simulated effect of elimination of I h in our standard model for the primary pacemaker cell (8.4% in- (83) 5.3ϳ9.9
See the Glossary for definitions of the abbreviations. (18) and van Ginneken and Giles (118) reported increases in CL of 19ϳ30% and 57%, respectively (see Table 3 ). Nikmaram et al. (83) also reported a regional difference in the effect of Cs ϩ on CL: the decrease in the spontaneous rate induced by 2 mM Cs ϩ was largest in the periphery (ϳ19%) and least in the center (ϳ7%). Because Honjo et al. (44) have shown that the density of I h in the rabbit SA node was significantly greater in larger cells from the periphery than in smaller cells from the center, the different effects of block of I h on CL may reflect the regional difference in I h density. Furthermore, the degree of CL prolongation on block of I h strongly depends on basic CL, MDP, and thus on densities of ionic currents other than I h itself; values of MDP and CL would vary depending on both the experimental condition and area of the SA node from which cells were isolated. As already mentioned, the effect of elimination of I h on CL was much greater in the I stremoved system with longer CL than in the standard system with shorter CL. When I st was eliminated from the standard system (MDP ϭ Ϫ63.64 mV), the complete block of I h increased CL by 43.9% (from 470.5 to 677.0 ms). Thus the large differences in the effect of block of I h on CL (different contributions of I h to pacemaker depolarization) reported previously (18, 20, 83, 87, 118) would arise from the regional variations in MDP and basic CL as well as in the density or activation threshold of I h .
Block of 4-AP-sensitive currents. The effects of block of 4-AP-sensitive currents (I to and I sus ) on AP configurations are shown in Fig. 14, bottom. Complete block of 4-AP-sensitive currents in the standard and I st -removed systems prolonged APD 50 by 26.7 and 22.3%, respectively, and also caused positive shifts in POP (from ϩ16.6 to ϩ32.9 mV in the standard system). On elimination of both I to and I sus , the CL of the standard system increased by 5.1%, whereas that of the I stremoved system decreased by 7.2%. The simulated increase in APD 50 (22. 3ϳ26.7%) is in good agreement with the experimental data of Boyett et al. (7): block of 4-AP-sensitive currents by 5 mM 4-AP caused an AP duration prolongation of 25 Ϯ 5% in small balls from central SA node tissues. They also reported a 5 Ϯ 2% decrease in CL by 5 mM 4-AP, consistent with the behavior of our I st -removed system.
Effects of Modulating Intracellular Ca 2ϩ Dynamics on Pacemaker Activity
Effects of block of SR Ca 2ϩ release. SR Ca 2ϩ release is known to affect intracellular Ca 2ϩ transients, Ca 2ϩ -dependent inactivation of I Ca,L , and activation of I NaCa , possibly playing an important role in regulating pacemaker activity (39, 67, 104) . We therefore assessed the contributions of SR Ca 2ϩ release to pacemaker activities of the model cells by reducing the SR volume to 0.1% of the control. As shown in Table 4 (67) , and 100 M in Satoh (104) . NS, no significant change.
would be relatively small in SA node cells because of the poor development of the SR.
In some experimental reports (6, 39, 67, 104) , the block of SR Ca 2ϩ release by ryanodine has been shown to exert a negative chronotropic effect on rabbit SA node cells, suggesting the important roles of SR Ca 2ϩ release, intracellular Ca 2ϩ transients, and subsequent activation of I NaCa in regulating pacemaker activity of the SA node. This inconsistency may be due to the regional difference in the development of the SR between the central and peripheral SA node, i.e., poor development of the SR in primary pacemaker cells (see Refs. 47 and 96) . Alternatively, ryanodine may directly block sarcolemmal ionic currents, such as I Ca,T and I NaCa , or secondarily modify Ca 2ϩ -dependent currents including I Ca,L , I Kr , and I h via affecting intracellular Ca 2ϩ dynamics (see Refs. 6, 39, 67, 94, and 104) . Recent experiments have shown that the I Ca,T -triggered focal Ca 2ϩ release from the junctional SR to subspace stimulates I NaCa , thereby playing an important role in regulating pacemaker activity (6, 47 Table 5 , the fast buffer BAPTA at 10 mM remarkably reduced both the subsarcolemmal and myoplasmic Ca 2ϩ transients and dramatically slowed pacemaker activity with CL increasing by 43.4% in our standard model. This negative chronotropic effect is a consequence of the reduction in I NaCa during the late phase of pacemaker depolarization. In contrast to BAPTA, the slow buffer EGTA at 10 mM could not sufficiently inhibit the subsarcolemmal Ca 2ϩ transient, whereas it almost completely suppressed the myoplasmic Ca 2ϩ transient to ϳ0.1 M; pacemaker frequency was little affected by 10 mM EGTA. These differential effects of BAPTA and EGTA on pacemaker frequency have been experimentally observed (122) : only BAPTA significantly reduced the rate of spontaneous APs (by 54%), whereas EGTA did not (see Fig.  15 ). In contrast to our model, previous models have failed to simulate the differential responses of SA node (122) .
Achievements and Limitations of the Present Model
On the basis of recently published experimental data, we were able to develop an improved SA node model incorporating 1) the novel pacemaker current I st not included in previous models, 2) new formulations for voltage-and Ca 2ϩ -dependent inactivation kinetics of the L-type Ca 2ϩ channel, 3) new expressions for activation kinetics of I Kr , 4) revised kinetic formulas for 4-AP-sensitive currents (I to and I sus ), 5) new formulations for voltage-and concentration-dependent kinetics of I NaK , and 6) the subsarcolemmal space as a diffusion barrier for Ca 2ϩ . The present model provides well-integrated explanations of the electrophysiological behavior of primary pacemaker cells in the rabbit SA node, representing significant improvements over earlier models. As described above, our model can 1) simulate whole cell voltage-clamp data for I Ca,L , I Kr , and I st ; 2) reproduce the waveshapes of spontaneous APs and sarcolemmal ionic currents (I Ca,L , I Kr , I Ca,T , and I h ) observed during AP-clamp recordings; 3) reproduce the bifurcation structures seen during applications of I Ca,L or I Kr blockers; 4) mimic the reported effects of block of I Ca,T , I h , or 4-AP-sensitive currents on pacemaker activity; and 5) simulate the differential effects of BAPTA and EGTA on pacemaker frequency more accurately than previous SA node models.
Despite several improvements over previous models, the present model still has some limitations. Quantitatively, our model predictions (e.g., simulated changes in pacemaker frequency or resting potentials during inhibition of I Kr ) exhibited some inconsistencies with experimental data. These discrepancies may be due to 1) incomplete experimental data on the kinetics (or density) of ionic currents as well as on intracellular Ca 2ϩ dynamics (and SR functions) in the SA node; 2) the large heterogeneity of SA node cells (e.g., regional differences in current densities); 3) poor selectivity of the agents used experimentally to block ionic currents or state-dependent kinetics of channel blockade; 4) the existence of some ionic current components not included in our model (e.g., Ca ; 6) the lack of intracellular or intramembrane regulatory systems in our model; and 7) inappropriate kinetic formulations based on the Hodgkin-Huxley formalism for ionic channel currents such as I Ca,L and I Kr , which are essential to pacemaker generation (see Refs. 14, 43, 50, 88, 115, and 127). These points are of great importance in future modeling to develop more sophisticated models.
It should be noted that one limitation in estimating the contribution of a current to pacemaking, as well as in measuring a current by AP clamp, is the need of a pharmacological block of the current (see Ref. 72) . Bindings of channel blockers used for experiments are known to be nonspecific and voltage (state) dependent (5, 70, 119, 129) . Therefore, the currents recorded during AP clamp may be different from the real pure current, rather reflecting the total current blocked by an agent. As Verheijck et al. (119) suggested, changes in AP parameters induced by a drug are most likely the result of a combination of direct and indirect effects on various ionic currents. An agent used to block a current may directly affect other ionic currents, or, alternatively, secondarily affect ion channel properties via changes in intracellular Ca 2ϩ concentrations and/or modifications of second messengers (see Refs. 9 and 129). Thus we should be cautious when simulated current waveforms or blocking effects are compared with experimental data.
There are numerous factors involved in the regulation of ion channel and SR functions in intact cardiac myocytes: intracellular second messengers (e.g., Ca 2ϩ , cyclic nucleotides, and protein kinases), as well as intramembrane modulators (e.g., receptors, G proteins, and enzymes), have been shown to modify various ionic current systems (for reviews, see Refs. 5, 9, 16, 25, and 91). Therefore, incorporating the dynamics of these modulating factors would be indispensable for predicting SA node behavior more accurately and might at least in part solve the discrepancies between model predictions and experimental data. Tentative models including putative intracellular Ca 2ϩ -dependent changes in ionic currents or modifications of channel functions by receptors and second messengers have recently been published (9, 16, 25, 75) . In this study, however, we did not incorporate these modulating factors, because the aim of this study was not to develop a complete model but to develop an improved model for investigating the dynamical mechanisms of pacemaker generation. The present model could also serve as a base model for the development of a complete model incorporating the intramembrane modulators and intracellular second messengers and further the genetic regulation of ion channels and transporters.
Despite many limitations, our model and simulations can provide the guidance for future developments of more sophisticated single SA node cell models, multicellular (two or three dimensional) models of the intact SA node, and whole heart models.
APPENDIX
The mathematical expressions used in our SA node model are given below. The units used are millivolts, picoamps, nanosiemens, milliseconds, nanofarads, millimolars, and liters. The temperature assumed for the computations was 37°C; the experimental data of gating kinetics obtained at Ͻ37°C were corrected for temperature with a Q 10 ϭ 1.6ϳ3.0 (see THEORY AND METHODS). The functions xϱ(V) and x(V) for individual gating variables and steady-state I-V relations for individual current systems are plotted in Figs. A1 and A2, respectively; the model constants (standard parameter values) are given in Table A1 .
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